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The structural, electronic and optical properties of GalnAs, and GalnP, with chalcopyrite structure in ternaries
compounds have been studied in the present paper. To obtain accurate results, we have based our research on three phases.
In the first phase, we used the first-principles calculations by using the full potential-linearized augmented plane wave
method (FP-LAPW) within the density functional theory (DFT). In the second phase, the structural properties as exchange-
correlation potential, the generalized gradient approximation (GGA-PBE Sol) of Perdew and al and local density
approximation (LDA) of Perdew and Wang have been used. And in phase three, in order to get best values of the band gap,
we used the developed form of GGA proposed by Engel-Vosko (EV-GGA) and the modified Becke-Johnson (mBJ) of Tran
and Blaha, which are based on the optimization of total energy and corresponding potential. The compounds of GalnP, and
GalnAs, demonstrate semiconducting behaviour with the direct-band gap of 0.3 and 2.03 eV using mBJ approach. The
dielectric function, refractive index, reflectivity, absorption coefficient have been studied and the optical conductivity
functions are calculated for radiation up to 20 eV. The obtained results indicate that GalnP, and GalnAs, are attractive

materials for optoelectronic and photovoltaic applications.
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1 Introduction

Light emission and photovoltaic effect may largely
be the most important aspects of interest for a material
to be used in optoelectronic applications'. Currently,
in the field of light-emitting diodes, non-linear optic
and photovoltaic sensitive material, chalcopyrite
compounds have received much attention because of
their potential properties”.

Recently, the main abundant and reliable source of
energy is the sun. This fact explains the attracting special
attention about the photovoltaic solar energy converters.
Yet the high cost and low efficiency of solar cells have
restrained their wide use in daily life. Any materials that
may be used in solar cells fabrication need possess a
high absorption coefficient and a direct large enough gap
suitably close to 1.4 eV to absorb light of the visible
spectrum as well'**. The commonly used materials for
photovoltaic applications are amorphous, crystalline
silicon and cadmium telluride (CdTe) in addition to
chalcopyrites'”.

Gallium indium phosphide (GalnP) is a semiconductor
composed of indium, gallium and phosphorus. It is used

in high-power and high-frequency electronics because of
its superior electron velocity with respect to more
common semiconductors such as silicon and gallium
arsenide’.

The first GalnP, homojunction and GalnP,/GaAs
cascade solar cells have been produced and
characterized. For both devices, the efficiencies are
limited by a low short-circuit current density from the
GalnP, homojunction. However, for the GalnP,/GaAs
cascade device, an open-circuit voltage of 2.17 V was
achieved, one of the highest ever reported’. The
principal application of GalnAs is as an infrared
detector. GalnAs photodiodes are the preferred choice
in the wavelength range 1.1-1.7 um. For example
compared to photodiodes made from Ge, GalnAs
photodiodes were invented in 1977 by Pearsall®, have
faster time response, higher quantum efficiency and
lower dark current for the same sensor area’.

The GalnP, is a very important semiconductor
compound in solar cells applications. The band gap of
GalnP, can be varied as much as 100 meV in metal-
organic chemical vapour deposition (MOCVD) grown
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material by adjusting growth parameters that affect
the degree of Cu-Pt ordering and chalcopyrite'® (CH).
These changes in the band gap of GalnP, due to
ordering can be exploited in the design of III-V solar
cell devices'® and in combination with aluminium
(AlGalnP alloy) to make high brightness LEDs with
orange-red, orange, yellow and green colors'.

Other important innovations include the integrated
photodiode-FET receiver and the engineering of
GalnAs focal-plane arrays'?.

In the present work, the structural, electronic and
optical properties of the chalcopyrite ternaries
GalnAs, and GalnP, semiconductors have been
studied by wusing the full potential linearized
augmented plane wave (FPLAPW) method"® based on
density functional theory'*'® (DFT). Firstly, we have
studied the chalcopyrite structure and described the
theoretical procedure adopted to obtain the structural
properties and total energies, where we have used a
full total energy minimization for, firstly, obtaining
the equilibrium c¢/a ratio and, secondly, we
determined the equilibrium volume, bulk moduli and
their derivative for this calculated c/a ratio. The
electronic band structure, the density of states and the
optical properties have also been studied in the
present paper.

2 Computational Details

The present calculations are performed using the
full-potential linearized augmented plane wave
(FP-LAPW) method'""® as incorporated in Wien2k
package'® We take into account the III-III-V, ternary
compounds in body-centered tetragonal chalcopyrite
structure (space group I ~42d) with 8 atoms in the unit

cell as shown in Fig. 1(a and b), the lattice constant a
corresponding to the lattice constant of a cubic zinc
blende structure, the c¢/a ratio, and the internal
displacement parameter u revealing the distortion of
the anion sublattice due to different surroundings. In
the ideal structure®, ¢/a =2 and u = 1/4.

In order to achieve energy eigen values
convergence, the wave functions in the interstitial
regions were expanded in plane wave with a cut-off
Ruyr X Kyax = 8, where Ry is the minimum radius of
the muffin-tin spheres and K,,,x gives the magnitude
of the largest k vector in the plane wave expansion.
Inside the spheres, the valence wave functions were
expanded up to /. =10. In order to keep the same
degree of convergence for all the lattice constants, we
kept the values of the sphere radii and K.« constant
over all the range of lattice spacing considered.
However, Ryt (Rur are the smallest muffin-tin radius
in the unit cell) was chosen for the expansion of the
wave functions in the interstitial region while the
charge density is Fourier expanded up to G = 14
(Ryd)” 2 The Ryt chosen values in our calculations for
Ga, In, P and As are, 2.1, 2.2, 2.0 and 2.1 a.u.,
respectively.

The exchange-correlation potential for structural
properties was treated using the generalized gradient
approximation (GGA PBEsol) of Perdew ef al*'. and
the (LDA) of Perdew and Wangzz. While for
electronic and linear optical properties the Engel-
Vosko-GGA (EV-GGA) formalism™ is applied to
optimize the corresponding potential for calculating
the band structure”. Moreover, we did apply the
modified Becke-Johnson**? (mBJ) which is seen as a
promising tool for accurate determination of the

Fig. 1 — (a) Crystal structure of GalnP,, (b): Crystal structure of GalnAs,
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fundamental  band
materials'*?’.

The self-consistent calculations are considered to
be converged when the total energy of the system is
stable’®” within 10" Ryd. The integrals over the
Brillouin zone (BZ) are performed up to 102 k-points,
(grid of 10_10_10 meshes, and equivalent to
1000 k-points in the entire BZ).

In the optical properties calculations,we used the
equivalent to 20000 k-points in the entire BZ by the
OPTIC code™ as implemented in the all-electron
WIEN2K method". It has been shown by Del Sole
and Girlanda®', GGA PBEsol, EV-GGA and mBJ are
combined with the scissor-operator approximation to
describe the optical spectrum rather accurately.

We have, therefore, made a correction AE, to the
gaps. The corrections to the FP-LAPW band gaps are
AE, = 0,369 eV for GalnAs, and AE, = 0,026 eV for
GalnP-.

gaps of  wide-band-gap

3 Results and Discussion

3.1 Geometry and Structure Optimization

The crystals of GalnP, and GalnAs, with
chalcopyrite structure in ternary compounds are
shown in Fig. 1(a and b), respectively. The optimized
structural values are listed in Table 1.

We present the lattice constants (a, ¢) of
chalcopyrite compound, the internal structural
parameters u, the bulk modulus B and its first
derivative B’ of GalnP, and GalnAs,, using LDA and
GGA-PBE Sol approximations. It has been observed
that the structure of this compound is rather similar to
that of the ideal twice zinc-blende cell characterized
by its rapport c/a=2 and its internal structural
parameter u=0.25, which describe the position of
(As/P) atoms.

To compare that fact, the available structural
properties results in the study of Yeh et al’”. and
Seddiki er al *. have been considered to make it
credible and validate our results. As it could be seen
from Table 1, the computed lattice constants for
GalnAs, and GalnP, are found to be in reasonable
agreement with those obtained by Yeh er al’”. using
the tight binding calculations, and those calculated
with FP-LAPW obtained by Seddiki ez al>.

In the case of the bulk modulus, our calculations
predict the values of 54.09, 66.72 GPa for GalnAs,
and 69.44, 81.007 GPa for GalnP, calculated using
GGA PBE Sol and LDA. We may conclude,
compared with the other data shown in Table 1, that
the LDA and GGA lead to underestimating our
calculated data. Our computed structural parameters
are found to be in good agreement with the other
previous data®**,

3.2 Electronics Properties

The electronic properties of GalnAs; and GalnP; in
the chalcopyrite structure at the equilibrium lattice
constant by using the GGA PBEsol, EV-GGA and
mBJ approximations, have been calculated. The total
densities of state for all approximation are shown in
Figs 2 and 3. We have found a remarkable similarity
behaviour between the results obtained with the three
approximations used in our work. So, the results are
discussed within mBJ only. It is clear that this
approximation gives better values of the energy gap.
The calculated band structure and total densities of
state with mBJ approximation are shown in Fig. 4 for
GalnAs; and in Fig. 6 for GalnP,.

Table 2 presents the gap energy values for both
compounds GalnAs, and GalnP, calculated with
GGA-PBE Sol, EV-GGA and mBJ approximations,
as compared with another calculation and

Table 1 — Calculated structural properties: lattice parameter a, ¢, bulk modulus B and its pressure derivative B’ for the ternary
compounds GalnAs, and GalnP, in the chalcopyrite structure

a(A) c(A)
LDA 5.856 11.461
GalnAs, GGA 5.958 11.927
5.866° -
LDA 5.475 10.944
GalnP, GGA 5.660 11.300
5.672% -
5.740° -
5.690° -

*Tight binding calculations from Ref. (32).
°FP-LAPW calculations from Ref. (33).
“Theoretical data from Ref. (34).

cl/a u B (GPa) B’
1.957 0.224 66.728 4.720
2.001 0.224 54.090 4.777

- - 66.10% -
1.999 0.223 81.007 5.080
1.996 0.269 69.443 4.576

- - 80.070° -

- 0.276° 67.537° 4.755°

- - 77.050° 4.450°




184 INDIAN J PURE & APPL PHYS, VOL 53, MARCH 2015

experimental values. The mBJ calculation shows that
GalnAs, and GalnP, are semiconductors with direct
energy gap of 0.30 and 2.03 eV, respectively.

For further elucidation of the electronic band
structure nature *° the partial densities of state (PDOS)

12
GalnAs, - - - GGA PBESol
r --- Ev-GGA
oL —mBJ
8 |-
%)
o6
o
4
2+
-14 - 2 4 6 8 10 12 14
Energy (eV)
Fig. 2 — Calculated total density of state for GalnAs,
14
GalnP, - - - GGA PBESol
I - - - Ev-GGA
12 | | —mBJ
|
10 ::
5
8 !
[92] [
O |
[a] [
6 I
1
I
! f
4 o
! 1
! |
! I
2 ! 1 :
! I
1 y
' :
AR .’i RN

0 n i n
-14-12-10 -8 6 4 2 0 2 4 6 8 10 12 14

Energy (eV)

Fig. 3 — Calculated total density of state for GalnP,

have also been calculated for those compounds within
mBJ methods as shown in Fig. 5 for the GalnAs, and
for the GalnP,in Fig. 7.

From Figs 4 and 5, we should emphasize that there
are two distinct band structures in the density of
electronic states in the GalnAs, in the valence band
region. The lowest band is in the energy range
between —11.8 and —9.6 eV originates from As_s
states. The second region band is located between
—6.3 eV and fermi energy (Ef) that is itself divided in
two sub-bands, the first ranging from —6.3 and —-3.8
eV which is, mainly, Ga_s and In_p states, while the
second formed with significant contributions from
As_p states. The conduction band ranging from 0.33
to 14.0 eV is principally composed of a mixture of
Ga/In/As_ s,p states.

According to Figs 6 and 7, there are three distinct
structures in the density of electronic states for the
GalnP, separated by gap. The lowest structure in the
energy range between —11.92 and -9.13 eV originates
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Fig. 4 — Calculated band structure and total density of state for
GalnAs,with mBJ approximation

Table 2 — Calculated energy gap of the two compounds GalnAs, and GalnP, with GGA-PBEsol, EV-GGA and mBJ approximations

Material E,(eV)

Our work GGAPBEsol Our work EV-GGA Our work mBJ Other theoretical works Exp.
GalnAs, 0.000 0.224 0.304 0917* 0.673-0.725"
GalnP, 0.959 1.582 2.031 0.90° 1441 1.92°2.013"  1.900¢2.005" 1.880'

*Ref. (36) ;°Ref (37); Experimental Data,’Ref. (33); PBE-GGA,‘Ref. (33); EV-GGA.
°Ref. (33) mBJ-LDA,Ref. (38) Pseudopotenial (LDA),#Ref. (39) ; Experimental Data.
"Ref. (40) ; Experimental Data,' Ref. (41) ; Experimental Data.
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Fig. 6 — Calculated band structure and total density of state for
GalnP, with mBJ approximation

from P_s states. The second region band is located
between —6 eV and fermi energy (Ep) that is itself
divided in two sub-bands, the first ranging from —6 to
—3.6 eV which is, mainly, Ga/In_s states, while the
second is formed of significant contributions from
P_p states. The conduction band, the group ranging
from 2.03 to 14.0 eV is mainly composed of
Ga/In/P_s, p states.
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Fig. 7 — Partial densities of states of GalnP, with mBJ
approximation

In Table 2, the fundamental band gaps (E,) at the
high-symmetry point I' in the Brillouin zone have
been listed for the investigated systems and the results
have been compared with available experimental and
theoretical data.

3.3 Optical Properties

The dielectric function, the refractive index, the
absorption coefficient, and the optical conductivity of
the ternaries chalcopyrite GalnAs, and GalnP, have
been presented and calculated within mBJ
approximation. As for scissor energy, the values of
0.369 eV and 0.026 eV for the GalnAs, and GalnP,
consecutively have been used.

3.3.1 Dielectric Function

The optical properties are deduced from the
dielectric function of the semiconductor given by the
following equation**:

&(w) =€ (w)+ig,(w) (D

The values &(w) and &(w) are the real and
imaginary parts, respectively at the same time. Based
on the band-structure results, the dielectric function
can be calculated. The dielectric function imaginary
part &(w) is automatically obtained from the
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electronic structure, once the joint density of states
and the optical matrix overlap are used. The real part
of the dielectric function &(w) is then calculated by
the Kramers-Kronig relation. For calculating
frequency dependent dielectric function & @), we need
energy eigenvalues and electron wave functions. The
energy eigenvalues and electron wave function are the
natural output for band structure calculation.
Nevertheless, the imaginary part of the dielectric
function depends on the joint density of state and the
momentum matrix elements, while the real part is
obtained from the Kramers-Kronig relation***.The
threshold energy occurs at Ey= 0.67 and E;=2.12 eV,
which corresponds to the fundamental gap at
equilibrium.

The imaginary dielectric function is a necessary
quantity; it indicates the changing inter-band
transitions in the semiconductor *The real and
imaginary parts between 0 and 16 eV are shown in
Figs 8 and 9 of GalnAs, and GalnP, already
calculated within mBJ following two main
crystallographic directions. Due to the tetragonal
structure of the chalcopyrite crystals, the dielectric
function is calculated for the two components Ellc and
Elc of the dielectric function and all the parallel and
perpendicular properties to the crystallographic axis c.

The real part shown in Fig. 8 is calculated by the
Kramers—Kronig transformation. It has been seen that
in the depressive part of the dielectric function &(®),
the main features are fairly broad peaks around 2.52
and 3.09 eV for the two alloys GalnAs, and GalnP,,
respectively followed by a steep decrease between
4.24 and 4.73 eV for GalnAs, and between 4.37 and
5.06 for GalnP,. After this energy range, &;(w)
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Fig. 8 — Real part of dielectric function: (a) GalnAs, and (b)
GalnP,

becomes negative and takes a minimum value, then,
slowly, increases towards zero at higher energies
level. As shown in Fig. 8, the zero appears at 15.62
eV. The theoretical results are compared with
experimental data, showing a good agreement.

Consequently, our calculated e,(w) curve in Fig. 9
shows five sharp peaks at about 0.670, 0.912, 2.603,
4.612 and 5.977 eV for GalnAs,. From its part, the
calculated e(w) curve of GalnP, shows a sharp
increase at about 2.028 eV at the first onset E; of the
direct optical transitions. The first main peak is
approximate to 2.116 eV, the second one draws near
3.164 eV. Concerning the third, the fourth and the
fifth are located at 4.749, 5.071 and 6.055 eV,
respectively.

In Fig. 10, we compared the calculated imaginary
part of GalnP, within mBJ approximation with those

calculated by Seddiki e al”. and the experimental
data taken from Adachi et al**.
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3.3.2 Refractive Index
The refractive index n is a very important physical
parameter related to the microscopic atomic
interactions.
2 2\1/2 1/2 172
n(w)=[{(&+&) " +&}71277] ..(2)

Its values are often required to interpret various
types of spectroscopic data. From theoretical view
point, there are basically two different approaches in
viewing this subject: on one hand, considering the
crystal as a collection of electric charges. On the other
hand, the refractive index will be related to the
density and the local polarizability of these
entities****. Any semiconductor refractive index
n(w) is computed through the real dielectric
function**:

n=.\e ..(3)

Figure 11 shows the refractive index of both
compounds GalnAs, and GalnP, calculated with mBJ
approach.The calculated static components of
refractive index are presented in Table 3. The
refractive index static values for low frequency

187

related to the ternaries GalnAs, and GalnP, described
by the relation n(O):\/gl(O), n(w)L having values 3.39,
3.94 and n(w)ll having values 3.37, 2.91 do satisfy the
relation n(0)=Ve;(0). The two polarizations non zero
components of refractive index show maximum value
at 4.97 and 4.51 eV for GalnAs, and GalnP; in order.
The two components n(w)L and n(w)ll show weak
isotropy at different range (0-10) eV.

3.3.3 Absorption Coefficient

The spectral components of absorption coefficient
are shown in Fig. 12. The optical absorption
coefficient a(w) is one of the most important
evaluation criteria for the optoelectronic materials*’>’.
Our calculated absorption coefficient spectra a(w) for
the herein investigated compounds as shown in
Fig. 12, display that these materials have a good
optical absorption in a wide energy range 0.7-10 eV
and 2-10 eV for the GalnAs, and GalnP, in order of
appearance. The deviation from the square-root
dependence can be explained by the existence of a
strong non-parabolic character of the contributing
bands. It is obviously seen in the logarithmic
representation used in Fig. 12. The absorption is
determined by the expression:
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Fig. 11 — Calculated refractive index: (a) GalnAs, and
(b) GalnP,
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Table 3 — Calculations peaks (ELc) in the imaginary dielectric function &,(®), static optical parameters ¢;(w) and n (w) compared
with other calculations and experimental values

E, E, E,
GalnAs, 0.670° 0.912° 2.603°
GalnP, 2.028* 2.116* 3.164*
1.92° 2.098° 3.438°

- 1.926° 3.361°

E;5 E, Es £(0) n(0)
4.612° 5.977° - 11.507° 3.391°
4.749* 5.071% 6.055 8.652° 2.941°
5.215° - 6.466° 8.259° -
4.726¢ - - 9.694° -

*Present work, Other calculation from Ref. (33),° Experimental data from Ref. (44).
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Fig. 13 — Optical conductivity: (a) GalnAs; and (b) GalnP,

Table 4 — Different peaks and their width of the optical
conductivity for GalnP, and GalnAs, calculated within mBJ

Compounds GalnP, GalnAs,
Peak 4.599 eV 4738 eV
Width 11.193eV 9.591eV

From the features of the absorption coefficient, the
presence of three peaks has been noted. The first
transition correspond to Gamma (I') point I'ysy-I'ysc
and that second at 2.82 eV in GalnAs, and 3.39 eV in
GalnP, representing a transition X;s,-X;.. As for the
last peak value, it is 4.76 eV, 5.20 eV corresponding
to the transition L;s,-L;. for the GalnAs, and GalnP;,
respectively.

The maximum value of the absorption coefficient
shifts from 2.92 eV in GalnAs, to 3.37 eV in GalnP,,
while the second interesting feature is the appearance
of the second peak around 4.74 eV in GalnAs; to 5.23
eV in GalnP,. These two peaks explain maximum
light absorption at two different wavelengths. Due to
this material property, it can be used for wavelength
filtering purposes in those regions.

There is a high absorption between lev and 10 eV
for the GalnAs; alloy and between 2 eV to 10 eV for
GalnP,, related to wave lengths 1.24-0.124 um and
0.62-0.124 pm for each.

3.3.4 Optical Conductivity
The optical conductivity is concluded from the
dielectric function. It is given* by:

o(w)=—(iw/4r)e(w) ...(5)

The curves of the optical conductivity versus
energy calculated within mBJ approximation are
shown in Fig. 13 for both ternaries GalnP, and

GalnAs,. The optical conductivity spectra using the
imaginary part of the dielectric function have been
studied. A range of energies between 0 and 16 eV
hasbeen calculated. The curves present several peaks
corresponding to the bulk plasmon excitations which
are caused by electrons crossing from the valence to
the conduction band. The positions of the main peak
and the total widths of the optical conductivity for the
different ternary compounds are compared in Table 4.

4 Conclusions

The research study presents new results concerning
electronics and optical properties of the ternary
compounds by using the FP-LAPW method within the
modified Becke-Johnson exchange potential and other
approximations. Moreover, the present calculation
gives a direct band gap for our ternary compounds
GalnP, and GalnAs,. The study of the optical
properties is important when the real and imaginary
parts of the dielectric function have been determined
as well as the assignment of the optical transitions
under two types has been presented, which
correspond to both polarizations (ELc and Ellc). We
have shown that it is possible to improve band gap
calculations by combining GGA-PBEsol, EV-GGA
and mBJ. With such modification, a good result with
mBJ approximation has been obtained.

Our predicted band gaps dependent on optical
parameters such as the refraction index, dielectric
constant, and optical conductivity are calculated and
analyzed in this paper. The prominent variations in
the optical parameters make GalnP, suitable for
optical devices in the major parts of the spectrum.
These ternaries present a particular interest in the area
of optoelectronic devices and solar cell applications.
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